The effect of pH on the hydrogen oxidation and evolution reaction (HOR/HER) rates is addressed for the first time for the three most active monometallic surfaces: Pt, Ir, and Pd carbon-supported catalysts. Kinetic data were obtained for a proton exchange membrane fuel cell (PEMFC; pH z 0) using the H 2 -pump mode and with a rotating disk electrode (RDE) in 0.1 M NaOH. Our findings point toward: (i) a similar z100-fold activity decrease on all these surfaces when going from low to high pH; (ii) a reaction rate controlled by the Volmer step on Pt/C; and (iii) the H-binding energy being the unique and sole descriptor for the HOR/HER in alkaline electrolytes. Based on a detailed discussion of our data, we propose a new mechanism for the HOR/HER on Pt-metals in alkaline electrolytes.
Fuel cells and electrolyzers are important for renewable energy conversion and storage. They are currently based on protonexchange membranes (PEMs) operating at low pH (pH z 0), which offer high power densities, but require large amounts of platinum for the oxygen reduction reaction (ORR) in fuel cells 1 and of Ir for the oxygen evolution reaction (OER) in electrolyzers. 2 For the hydrogen oxidation/evolution reaction (HOR/HER) only very small amounts of Pt are required due to its extremely high activity for the HOR/HER. 3 The H 2 anode performance in PEMFCs suggested exchange current densities (i 0 ) in the order of 10 2 mA cm Pt
À2
, 4 which was conrmed by mass-transport-free fuel cell measurements 3, 5 and microelectrode data. 6 Until then, 100-fold lower i 0 -values for Pt in acid were reported erroneously, generally based on rotating disk electrode (RDE) measurements 7, 8 from which, however, the kinetics of reactions with i 0 -values much above the diffusion limited RDE current density (z2-3 mA cm disk
) cannot be quantied. 9 In an alkaline electrolyte, non-noble metal catalysts are very active for the ORR 10, 11 and for the OER, 12, 13 so that in conjunction with alkaline membranes (OH À -exchange membranes 14, 15 ) a replacement of the noble-metal intensive PEM technology by alkaline membrane technology seems promising. Unfortunately, for yet unclear reasons, the HOR/ HER kinetics on Pt are much slower in alkaline than in acid electrolytes, and large amounts of Pt are needed to catalyze the HOR/HER in an alkaline environment. 9 Therefore, it is critical to develop alternative HOR/HER catalysts for alkaline electrolytes and -to guide this search -to elucidate the reasons for the poor HOR/HER activity of Pt in alkaline electrolytes.
Traditionally, the overall reactions have been written either with protons in acid or with hydroxide ions in alkaline media: 16 in acid:
in base: 
Broader context
The future of electromobility relies on the development of cost effective and durable energy conversion systems such as fuel cells and electrolyzers. These devices, based on proton-exchange membranes (PEMs), operating at pH 0, offer high power densities, but require large amounts of noble metal for the oxygen reduction reaction (ORR) in fuel cells and the oxygen evolution reaction (OER) in electrolyzers. For the hydrogen oxidation/evolution reaction (HOR/HER), only small amounts of Pt are required to activate this reaction, without contributing to any efficiency loss of the fuel cell or electrolyzer system. In alkaline electrolyte, nonnoble metal catalysts catalyze the ORR and OER at similar rates to Pt electrodes. Therefore, a replacement of the noble-metal PEM technology by alkaline membrane technology seems promising, and will offer new challenges in the eld of electrocatalysis at high pH. In particular, for as yet unclear reasons, the HOR/HER kinetics on Pt are much slower in alkaline than in acid electrolytes. It is therefore critical to elucidate the reasons for the poor HOR/HER activity of Pt in alkaline electrolytes, and this will certainly come only with a deeper fundamental understanding of this reaction and its mechanism, as we are presenting in this study.
In acid, reaction (1) is believed to be composed of two out of three microscopic steps (Tafel/Volmer or Heyrovsky/Volmer): 16 Tafel step:
Heyrovsky step:
Volmer step:
In base, the Heyrovsky and the Volmer steps have conventionally been written with hydroxides rather than protons as reactants:
17
The different proposed reactions in acid and base, where either H + (reactions (1), (4a), and (4b)) or H 2 O/OH À (reactions (2), (5a), and (5b)) would be the reacting species, have recently been used to rationalize the z100-fold larger i 0 -value of Pt in acidic vs. alkaline electrolytes. 18 Under this assumption, the authors proposed that a combination of Pt (known to be active for H 2 dissociation, reaction (3)) with more oxophilic components (e.g., Ru or Ni) or the use of more oxophilic metals (e.g., Ir) would enhance the interaction with H 2 O/OH À to yield higher HOR/HER activities in base.
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To further elucidate the HOR/HER activity differences in acid vs. base we will compare the i 0 -values in both electrolytes of carbon supported platinum nanoparticles (Pt/C) with those of two other carbon supported metals: palladium (Pd/C) and the more oxophilic iridium (Ir/C). Particle sizes and specic surface areas of these catalysts are listed in Table 1 . A rigorous comparison has not been performed before, since the HOR/ HER activity of Pd/C and Ir/C in acid might also be too high for reliable quantication by RDE experiments which has been used in the past. 7, 19, 20 Here, we quantify for the rst time the i 0 -values of Pd/C and Ir/C nanoparticles using mass-transport free kinetic measurements in a H 2 pump conguration with proton exchange membrane based membrane electrode assemblies (MEAs). 
where h is the overpotential, a the transfer coefficient, T the temperature, R the gas constant (8.314 J mol À1 K À1 ) and F the Faraday constant (96 485 A s mol À1 ). Obviously, all metals are substantially less active in base. The reactivity follows the order values, extracted from tting eqn (6) to the data, agree well with those obtained from the micropolarization region (À10 to +10 mV vs. RHE) described by the linearized form of the Butler-Volmer equation (see Tables S1-S3 †) :
where R ct (in U cm 2 ) represents the charge transfer resistance.
In acid, the i 0 313K -values for Pt/C are consistent with the literature, 3 while the values for Pd/C (0.2-0.8 mA cm metal À2 ) 7, 20 and Ir/C (0.2 mA cm metal À2 ) 7 were previously underestimated, presumably due to uncorrected mass transport effects. In alkaline electrolytes, the i 0 313K -value agrees with the literature for Pt/C, 9 but no values have been published for Pd/C and Ir/C.
Owing to the large amount of data for platinum, we will rst focus our discussion on Pt/C. Historically, the HOR/HER equilibrium has been described by invoking 25 and will also depend on the platinum catalyst morphology (particle size, crystal face), so that a rigorous quantitative comparison can only be made when the HOR/HER exchange current density and the H-UPD charge transfer resistance are measured for the same catalyst (this will be reported in future communications 27 ). To complete the analysis in an acidic electrolyte, Vogel et al. showed by means of gas phase hydrogen-deuterium measurements that the Tafel step (reaction (3)) could be the rate determining step (rds) followed by a fast Volmer step (reaction (4b)). 28 If this were true, the Butler-Volmer relationship derived in the case of a rate limiting Tafel step 16 would result in HOR and HER Tafel slopes of z30 mV per decade (i.e., a ¼ 2) while our mass transport free PEMFC data show 4 times higher Tafel slopes (a ¼ 0.5, see the ESI †), in agreement with a Butler-Volmer relationship derived for a Volmer or a Heyrovsky rate limiting step. Thus, the possibility of a Tafel rate determining step can be clearly discarded.
In 0.05 M NaOH, the charge transfer resistance of 13-54 U cm À2 obtained on (stepped) single crystal Pt surfaces equates View Article Online to 0.2-0.5 mA cm Pt À2 , 17 which is very close to our value of 1.0 mA cm Pt À2 , obtained for Pt/C in 0.1 M NaOH (Fig. 2C) . This again suggests that the HOR/HER kinetics on Pt in an alkaline electrolyte are limited by the Volmer step (reactions (4b)/(5b)). One possibility for the reduced rate of the Volmer step in base would be a higher H-Pt bond strength, which would slow down both the HOR and the HER rates. A higher H-Pt bond strength is further conrmed by the above discussed charge transfer resistance values for the H-UPD reaction, but also by the reported positive-shi of the H-UPD peaks with increasing pH. These shis on Pt(553) and Pt (533) 29 as well as on polycrystalline Pt 30 amount to z10 mV RHE pH À1 and z11 mV RHE pH À1 , respectively. Qualitatively, the same is observed in Fig. 3A for Pt/C, but the H-UPD peaks on Pt/C are too broad to get a sufficiently precise value. Using the values for smooth crystals, the H-UPD peak shi (DE H-UPD ) would translate into a H-binding energy difference of DE binding z12.5-13.5 kJ mol À1 from pH ¼ 0 to pH ¼ 13 (from DE H-UPD Â F for a 1-electron process). If we assume that the difference in the H-binding energy is proportional to the difference in the activation energy (as described by the Brønsted-Evans-Polany relationship
31
), then the difference in the HOR/HER rate between pH ¼ 0 and pH ¼ 13 for Pt could be predicted by the Arrhenius equation
and would amount to a factor of 120-200. This is actually surprisingly close to the 210-fold difference in i 0 313K (Fig. 2C) , giving further credence to the hypothesis that the Volmer step is the rate limiting step for the HOR/HER on Pt.
Fundamental studies of the HOR/HER on bulk Pd crystals are complicated by the fact that the H-UPD process (adsorption) is difficult to separate from H-absorption. 32 Therefore, studies have mostly been focused on Pd monolayers (ML) deposited on Au substrates. Fig. 2C , as was the case for Pt. This may be related to residual H-absorption effects and, as was mentioned by the authors, contamination effects in their NaOH electrolyte.
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Overall, however, these measurements rationalize the hereobserved decrease in HOR/HER activity with increasing pH (Fig. 2C ) and also point towards the Volmer step as rate limiting. Iridium being the most oxophilic of the three surfaces ( Fig. 1) is an interesting case, as it probes the hypothesis advanced by Strmcnik et al. that a more oxophilic surface might be effective in catalyzing the interaction with H 2 O/OH À in reaction (2) which they proposed to be the governing reaction in base. 18 However, our ndings demonstrate explicitly that Ir does not have a higher activity than Pt in base (nor in acid), which is in disagreement with Strmcnik et al. 18 and would lead to the conclusion that OH À adsorption or H 2 O dissociation is not the rate determining step in base. The reason for this discrepancy might be that all polarization curves reported in Fig. 1 were recorded aer a stable state of the surface was reached (aer a few cyclic voltammograms), while Strmcnik et al. only showed the very rst anodic scan. 18 These authors also provided HOR/ HER rst-scan data on Pt 0.5 Ru 0.5 and Pt 0.1 Ru 0.9 bulk crystals, whereby the latter showed the highest activity, supporting their argument that more oxophilic surfaces would promote the HOR/HER kinetics. While Strmcnik et al. considered the strong Pt surface enrichment on their vacuum-annealed Pt-Ru alloys, (2) and (5b) was based on their kinetic model to describe the pH dependence of the HOR/HER on Pt in unbuffered electrolytes between pH ¼ 2.5 and pH ¼ 10.5. From this they deduced that the reaction mechanism would change when going from acid (reaction (1)) to base (reaction (2)). This conclusion, however, is invalid since recent calculations and experiments by Auinger et al. clearly showed that the observed response in unbuffered solutions is merely due to local pH gradients and does not reect any changes of the HOR/HER kinetics.
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So far we conclude that there is no substantiated evidence that the HOR/HER reactions in base proceed according to reactions (2) and (5b). In our opinion, reaction (2) merely represents an algebraic exercise, i.e., adding 2 OH À to both sides of reaction (1) (4b)). While the overall reaction (2) will still hold true, it is, however, more likely composed of coupled surface and bulk reactions: S(surface reactions):
H 2 O dissociation:
The sum of reactions (9) and (10), of course, will yield the overall reaction (2). Since H 2 O is a fast H + -donor/acceptor and since it is the major species in the solution (and at the metal/ solution interface), we believe that the microscopic Heyrovsky (reaction (4a)) and Volmer (reaction (4b)) steps do not change with pH. This would be consistent with the observation that the HOR/HER kinetics between acid and base change by a very similar factor for the three studied Pt metals and that the H-binding energy (affected for each metal by the alkalinity of the environment, as can be deduced from the H-UPD shis shown in Fig. 3 ) seems to be a good descriptor for the HOR/HER both in acid and base. 40 While we cannot denitively prove this hypothesis, it is certainly the simplest mechanism which is consistent with the data.
Conclusions
In conclusion, we have shown that the HOR/HER activity at high pH follows the order Pt > Ir > Pd, with exchange current densities which are much larger than those measured 7 and calculated 24 previously. We have also shown for the rst time that the exchange current densities on carbon-supported Pt, Pd and Ir electrodes are all decreased by about two orders of magnitude when moving from low (pH ¼ 0) to high pH (pH ¼ 13). This result is a clear proof that the oxophilicity of a catalyst (Ir being more oxophilic than Pt and Pd) does not enhance the HOR/HER activities in high pH. From a mechanistic point of view, by comparing our measured HOR/HER kinetics with published H-UPD charge transfer resistance values, we have provided substantial evidence that the Volmer step is the rate determining step on noble metal electrodes and that therefore no H-OPD species have to be invoked to describe the HOR/HER rates. Furthermore, our analysis suggests that the H-UPD reaction is identical to the Volmer reaction, in support of the hypothesis raised by Chen and Kucernak. 6 Addressing now the pH effect, our results point toward identical microscopic HOR/ HER reaction steps in acid and base and that the H-binding energy is the relevant descriptor in both electrolytes, even though the origin of the difference in H-binding energy is not clear at this point. None of the current DFT models considers any effect of pH on the H-binding energy. 24, 40, 41 In a recent study, Rossmeisl et al. initiated an attempt to address pH in DFT calculation in order to examine its effect on adsorbate coverage and conguration at the Pt(111)/electrolyte interface 42 and proposed that the local water conguration might be different in acid vs. base, thus affecting the HOR/HER kinetics; however, its effect on the H-binding energy was not determined even though our data suggest that this might be the origin of the large observed differences.
Based on the above analysis, the design of new and advanced electrocatalysts for the hydrogen oxidation and evolution reaction in alkaline fuel cells and electrolyzers would benet from: (i) improved computational calculations/models which include the pH effect on the H-binding energy, (ii) the development of experimental methods which allow quantication of the Hbinding energy, and (iii) the synthesis of electrocatalysts with tuned H-binding energies.
